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INDIRECT EVIDENCE FROM DUPLEX HYBRIDS 
BEARING UPON THE NUMBER AND DIS- 

TRIBUTION OF GROWTH FACTORS 
IN THE CHROMOSOMES 

DR. D. F. JONES 

CONNECTICUT AGRICULTURAL EXPERIMENT STATION, NEW HAVEN 

SUFFICIENT evidence has accumulated to indicate that 
the main features of the chromosome theory of hereditary 
transmission, as worked out for Drosophila, are appli- 
cable to plants. Peas, primula and maize have been the 
best materials so far to demonstrate linkage of factors in 
plants. Owing to the ease of culture, large number of 
seeds produced and the great genetic variability the 
maize plant is becoming very useful in this line of in- 
vestigation. The agricultural importance of the plant 
and the large number of people working with it have al- 
ready made the list of Mendelian factors definitely de- 
termined large and increasing rapidly. Due mainly to 
the industry of Professor Emerson and his co-workers 
at Cornell University, six linked groups are already 
visible in rough outline, some of which have a goodly 
number of factors fairly well located. It therefore seems 
pertinent to consider some indirect evidence funished 
by this plant having a bearing upon the chromosome 
mechanism. 

In working out the best means of utilizing inbred 
strains of corn for the purpose of increasing production 
it has been found to be advantageous to cross again two 
different first generation hybrids each of which were the 
result of combining two different self-fertilized families. 
Altogether four homozygous types, each differing from 
the other in many visible characters, are brought together 
in this way in a progeny which has an extremely complex 
composition. Assuming that the inbred strains have been 
reduced to complete homozygosity, the first generation 
hybrid is uniform. Statistical measurements show this 
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to be so. Theoretically, all the plants are hereditarily 
exactly alike. When such a hybrid with segregating 
gametes is again crossed with a similar first generation 
hybrid but having a different genetic construction, the 
result is a mixed lot of plants in which practically every 
individual differs in some degree germinally from every 
other. 

This statement holds for any numbers that it would be 
possible to grow. Every inbred strain of maize, that has 
so far been obtained by continued self-fertilization with 
one progenitor in each generation, has differed in many 
wayes from every other inbred line, whether they came 
originally from the same or different varieties. All the 
inbred strains coming from different individuals at the 
start show a noticeable increase in vigor when crossed 
and a rapid reduction of growth and great increase in 
variability in the immediately following generations when 
again self-fertilized. It is therefore not 'at all improbable 
that most of the self-fertilized strains differ from each 
other by a large number of genes in every chromosome. 

If such is the case, then the duplex combination will 
have an extraordinary amount of genetic diversity. This 
may be made clearer in the following illustration. If, 
instead of being crossed, a hybrid was self-fertilized and 
there was only one factor difference in each pair of 
chromosomes, over one million plants would have to be 
grown in order to have an even chance of securing all 
the possible combinations (assuming maize to have 10 
chromosomes). But with more than one factor in each 
chromosome the situation is far different. Two factors 
in each chromosome having a linkage ratio of 10 per cent. 
would necessitate 2020 individuals in the segregating 
generations to obtain the same result. This is calculated 
from the formula [2( r + 1 )n-11] 2 where r + I is the link- 
age ratio, in this case 10 per cent., or 9 + 1, n is the 
number of factors in each chromosome, and c is the num- 
ber of chromosome pairs. This number of plants to be 
grown would require an area roughly 57,346 million 
times the total surface of the earth. But instead of being 
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self-fertilized, the hybr ids with their segregating gametes 
are again crossed and certainly there are more than two 
factor differences in most of the chromosomes having 
varying degrees of linkage with each other. At present 
almost nothing is known about the heredity which the 
two first generation hybrids may have in common. But 
all the four homozygous types when crossed singly in the 
six possible combinations show about an equal amount of 
heterosis. The double-crossed combination shows no re- 
duction in vigor of growth, Out on the other hand Ethis 
appreciably increased. This is due, however, in part to 
a better start as the plants come from large, well-nour- 
islied seeds grown on vigorous plants, whereas the first 
cross is handicapped in this respect. 

The doubly hybrid plants are theoretically more di- 
verse than self-fertilized second generation progenies 
comiing from the same parents, but compared with the 
first and second generations the double cross has features 
of both. In respect to growth characters the plants are 
a group of many different first generation hybrids. Very 
little recombination can take place to allow recessive 
weaknesses to appear. In fact any recombination that 
does take place is probably out-balanced by an increase 
in heterozygosity in other factors. A critical comparison 
of such double hybrids with their parental first genera- 
tion hybrids and with their second generation self-fertil- 
ized sibs in respect to variability of different characters 
ought to give some indication of the distribution in the 
chromosomes of the hereditary factors affecting growth. 

In those factors which are independent of the growth 
of the plant the variability of the double cross should 
approach or exceed that of self-fertilized second genera- 
tion. In those characters which are directly dependent 
upon the vigor of the plant the double cross should re- 
semble more closely the first hybrid generation. Five 
characters have been taken and measured in three 
different but similar lots of plants. These are: number 
of rows of grain on. the ear pistillatee inflorescence); 
nodes of plant, height of plant, length of ear; and pro- 
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duction of grain (weight of entire pistillate inflorescence 
with mature seeds). A previous study of a large number 
of first generation hybrids between inbred strains of 
maize has shown that the average number of rows of 
grain of the hybrids was increased 5.29 per cent. above 
the mean position of their parents; similarly nodes per 
plant 6.45 per cent.; height of plant 27.44 per cent.; 
length of ear 23.57; and total production of grain 180.00 
per cent. The variability of these F, plants was slightly 
decreased below the parental average in nearly every 
case in respect to these characters. 

Rows of grain and nodes a-re therefore much less in- 
fluenced by the vigor of' the plant than are the other 
characters, notably production of seeds, which is very 
largely determined by the amount and rapidity of growth. 
Assuming that the complementary action of dominant 
favorable growth factors is responsible-for the vigorous 
growth of the hybrids, it would be expected that F1 X FB 
combination would not be as variable as the second gen- 
eration resulting from self-fertilization in respect to 
production of grain per plant, provided a large number 
of essential growth factors were acting and that these 
were distributed rather uniformly throughout the chro- 
mosomes. On the other hand such characters as rows 
of grain on the ear and nodes per plant being largely 
independent of growth vigor, would not be expected to 
show a reduction in variability when compared with the 
second, self-fertilized generation. 

The distribution and statistical constants for the sec- 
ond generations grown from self-fertilized seed of the 
parental hybrids have been compared to the reciprocal 
crosses of the same parental hybrids in three different 
sets of plants. In each case the cross-fertilized seed, 
which produced the F1 X F1 plants, and the self-fertilized 
seed, from which the F2 plants were grown, came from the 
same ears. The two kinds of pollen were applied in a 
mixture at one time and the seeds separated by their color 
at maturity. 

Without giving the extensive data upon which the 
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figures are based, the averages of the coefficients of vari- 
ability of the F1 X F1 and the F2 families are brought 
together in table 1. With these are given some figures 
averaged from the F1 parents. These are not from the 
exact first generation parents of the progenies used to 

TABLE I 
A COMPARISON IN VARIABILITY OF SINGLE FIRST GENERATION, DQUBLE 

FIRST GENERATION AND SECOND GENERATION HYBRIDS 

F1 Fi XFi F2 

Characters 
Measured Ave. Range Ave. Range Ave. Range 

C.V. P.E. C.V. P.E. CV. P.E. 

Rows of grain ......8 .90 .40- .98 12.76 .52- .65 12.31 .45- .82 
Nodes of plant ..... 5.54 .25- .73 5.88 .25- .27 6.20 .26- .33 
Height of plant .... 7.06 .25-1.04 6.20 .25- .33 6.92 .26- 40 
Length of ear ...... 13.83 .72-1.66 13.23 .41- .75 16.90 .69-1.03 
Weight of grain. 24.13 1.15-1.42 26.99 1.19-1.44 32.68 1.11-2.31 

give the other results in Table, I. They are similar but 
were not grown in the same years. They can not be 
compared as closely to the F1 X F1 and F2 louts as these 
can be compared with each other. The coefficients for 
variability of the F1 X F1 and the F2 plants, averaged 
from three different combinations with a fairly large 
number of plants in each grown from seed of which the 
two contrasted kinds came from the same ears, are strictly 
comparable. The greater growth of the double hybrids 
as shown by the'increase of the means makes comparison 
of the coefficients of variability somewhat unreliable. The 
appearance of the plants in the field supports the statis- 
tical data, as it is the uniform production which makes 
the hybrid plants so valuable for agricultural purposes. 
There is a noticeable difference between the double cross 
and the self-fertilized second generation in even size, 
similar appearance and general excellence as the plants 
are harvested in the field. 

The figures show that the variability of the F1 X F1 
families is about the same as the F2 families in rows of 
grain and nodes per plant. In height of plant, length of 
ear and weight of grain per plant, all characters which 
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are markedly influenced by the vigor of the plants, there 
is a reduction in variability. Particularly is this true 
of length of ear and weight of grain, which are fairly 
reliable measures of the plant's. reproductive ability, 
which in annual plants sums up the organism's entire 
energy. In other words the plants are uniformly vigor- 
ous and are not dependent upon exceptional. individuals 
for their high average position. This is indirect evidence 
that those hereditary factors which are concerned with 
the growth of the plants are numerous and widely dis- 
tributed throughout all or many of the chromosomes. 

As a means of corn improvement it would be highly 
desirable to bring together into a pure breeding homo- 
zygous condition all those factors which cause the hybrid 
plants to excel their parents. Such individuals should 
be even more efficient in their growth processes than the 
heterozygous combinations of the same factors because 
the determiners responsible. for hybrid vigor seldom show 
complete dominance. The recombination of linked fac- 
tors is a problem that demands the most careful attention 
of the plant and animal breeder. It is the closely linked 
factors which are the main concern. When the distance 
between any two loci is fifty units or more, then all the 
factors situated outside of these points are independent 
of each other in transmission and it makes no difference 
from the standpoint of recombination whether the factors 
are in the same or different chromosomes. Therefore 
the number and arrangement of the individual genes 
themselves seem to be more important than the number 
of chromosomes. Although as yet it is impossible to com- 
pare the numbers of factors in different species, it 
does not seem likely that the genus Rosa with 8 chromo- 
some pairs is genetically less complex than Nicotiana 
species with 24 pairs. Some crustacean species with 
84 pairs of chromosomes are contrasted with various 
mammals with 8 to 12. Even in the Arthropods, alone the 
haploid number ranges from 2 to 100. It seems profitless 
to look for any significance in chromosome, numbers. 
Leaving aside the matter of doubling of chromosomes any 
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differences that there may be are probably qualitative 
rather than quantitative. It is possible that there may be 
very little difference in the amount of essential hereditary 
material. But the word " amount " must be considered 
as equivalent portions. The visible size of the chro- 
matin mass fluctuates greatly even at different stages of 
growth in the same individual. 

Although the cytological proof of the chromosome 
theory is still so meager as To make speculation soniewhat 
useless, nevertheless, looking at the matter from the stand- 
point of difficulty of recombination the important consid- 
eration is the number of fifty-unit lengths of chromo- 
somes. However, the Morgan school unit of measure- 
ment, the one per cent. of crossing over, is noit a stable 
unit, as they have shown that crossing over fluctuates 
rather disconcertingly, due both to environmental and ger- 
minal modifying factors. Detlefs-enl finds the rate of cross- 
ing over between certain loci to be very profoundly altered 
by continued selection for high and low cross over stock. 
So that for the present the terms proposed by Haldane2 
of mnorgan and centimorgan as measures of chromosome 
length do not have any precise application. At the same 
time the rate of crossing over is the only measure avail- 
able and can not be given up until a better one is found. 
The term mnorgan; referring to a one-hundred-unit length 
of chromosome is convenient but does not have the bio- 
logical significance that a, fifty-unit length of chromosome 
would have. Since every gene is independent in 'trans- 
mission froom all other loci in the same chromosome more 
than fifty units distance from it, and has the usual MNen- 
delian relation with them as well as with all the factors in 
the other chromosomes, the term nendel would perhaps 
be useful, if the employment of such terms can be justified 
at all. Applied in this way a inendel is a measure of 
chromosome length equivalent to fifty per cent. of cross- 
ing over. 

It should be noted that a mtendel is not comparable to a 
1 Proceedings of the National Academy of Science, 6: 663-670, 1920. 
2 Journal of Genetics, 8: 299-309, 1919. 
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single short chromosome fifty units long. It is not to be 
thought of as a fixed portion of any chromosome. The 
chromosomes are, or course, not to be considered as 
marked off into fifty-unit lengths. But the result of re- 
combination with a large number of factors is approxi- 
mately the same as if such were the case. Because it 
brings out the fact which has not always been fully 
appreciated, that recombination within a chromosome 
takes place as easily as between different chromosome>, 
when the distance between the loci is sufficiently great, 
the term inendel as a measure of chromosome length may 
have some value. 

In the primitive unicellular organisms it is conceivable 
that the hereditary substances were not located in a 
mechanism as well regulated as in the higher organisms. 
As specialization increased, the grouping of factors in 
chromosomes has undoubtedly been of very great evolu-- 
tionary significance. The chromosome mechanism has 
been subjected to natural selection as severely as any 
external morphological feature and has developed co- 
ordinately with Sexual reproduction-the one to make 
recombination possible, the other to make that process 
orderly. 

Although it is largely speculation it seems necessary 
to believe e that there is some functional relation between 
the factors associated together in a chromosome or por- 
tion of a. chromosome. There is some evidence for this 
in the quick and exact return of certain species hybrids 
to one or the other parental type. Evidently only those 
individuals resulti.nag from gametes in which crossing over 
has not occurred are able to live. So far the factors 
which have been located seem to be placed at random 
in the chromosomes, and it is impossible to make out anyT 
significant relation among them. This in itself may be 
an indication of an immense number of hereditary de- 
terminers. which play a part in the organism. For as 
yet the function of only the relatively superficial factors 
can be seen. The vitally important ones can not be dis- 
pensed with and therefore can not be studied except as 
the lethal factors show some effect in hybrid combination. 
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